Introduction {#Sec1}
============

Most patients with type 2 diabetes mellitus (T2DM) have insufficient glycemic control on diet and exercise therapy, and require monotherapy with an oral antidiabetic drug (OAD) to improve glycemic control \[[@CR1]\], which may be followed by a combination of two or more OADs \[[@CR1]\]. Therefore, it is important to investigate the efficacy and safety of a variety of combinations of OADs in the clinical setting, especially with the introduction of novel classes of drugs, like sodium--glucose co-transporter (SGLT) 2 inhibitors.

Luseogliflozin is a potent and selective SGLT2 inhibitor \[[@CR2], [@CR3]\] that enhances urinary glucose excretion (UGE) by inhibiting glucose reuptake in the kidney and lowers plasma glucose concentrations in a dose-dependent manner \[[@CR4]\]. It was recently approved in Japan \[[@CR5]\] for the treatment of T2DM based on the results of Phase II and Phase III studies \[[@CR6]--[@CR8]\]. Considering the insulin-independent mechanism of action of SGLT2 inhibitors and because many patients require combination therapy, the clinical development program for luseogliflozin included testing its efficacy and safety in combination with other OADs. Before implementing large-scale clinical trials, it was necessary to conduct pharmacokinetic studies to assess the potential for drug--drug interactions when co-administering luseogliflozin with other OADs.

In accordance with the Japanese treatment guidelines \[[@CR9]\], clinicians select the first OAD taking into account the patient's status, and several types of OADs, including metformin, pioglitazone, insulin secretagogues (sulfonylureas and glinides), dipeptidyl peptidase 4 inhibitors, and α-glucosidase inhibitors, are often used for this purpose. Therefore, it is important to know whether SGLT2 inhibitors can be safely and effectively used in combination with other OADs in clinical settings.

In this report, we describe the results of six independent clinical trials that evaluated the potential for drug--drug interactions between luseogliflozin and glimepiride, metformin, pioglitazone, sitagliptin, miglitol, or voglibose. The results of these studies were used to inform the design of large-scale Phase III studies used to establish the indications and potential combinations of luseogliflozin with OADs in clinical practice.

Methods {#Sec2}
=======

Ethics Statement {#Sec3}
----------------

The studies were conducted in accordance with the standards of the Japanese Pharmaceutical Affairs Law and Good Clinical Practice. The study protocols were approved by the Institutional Review Board of the participating study institutions. All procedures were performed in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1964, as revised in 2000 and 2008. All the participants provided written informed consent.

Eligibility Criteria {#Sec4}
--------------------

Japanese healthy males aged 20--39 years and with a body mass index of 18.5--24.9 kg/m^2^ were eligible for the studies. All participants underwent screening tests (medical examination, vital signs, electrocardiograms and laboratory tests) to confirm their eligibility. Subjects were excluded from the studies if they had any clinically significant disease or disorder, at the investigator's discretion; had a history of renal disorder, diabetes mellitus, or impaired glucose tolerance; had a serum creatinine concentration above the upper limit of the reference range in the study institutions; or tested positive for urinary protein or occult blood. Subjects were prohibited from using any drugs within 1 week of the first dose of the study drug. Twelve subjects were to be enrolled in each study.

Study Design {#Sec5}
------------

For this study, we opted to use 5 mg luseogliflozin because this was expected to be an effective clinical dose based on the results of an earlier Phase II study \[[@CR6]\]. Six independent open-label studies were conducted to evaluate the potential for drug--drug interactions between luseogliflozin and representatives of the OADs often used in Japan (glimepiride, metformin, pioglitazone, sitagliptin, miglitol, and voglibose). Each study was conducted at a single medical institution. The glimepiride and metformin studies were conducted at Heishinkai Medical Group Incorporated OPHAC Hospital, Osaka, Japan, between August 2010 and September 2010. The pioglitazone and sitagliptin studies were conducted at Medical Co. LTA. Sumida Hospital, Tokyo, Japan, between September 2010 and October 2010. The voglibose study was conducted at Medical Co. LTA. Sumida Hospital between September 2010 and November 2010. The miglitol study was conducted at Heishinkai Medical Group Incorporated OCROM Clinic, Osaka, Japan, between January 2012 and March 2012. In all the studies, the participants were enrolled and allocated to the specified treatment by the investigators. There were no changes to the study designs, outcomes, or analyses after starting enrollment.

Glimepiride, Metformin, Sitagliptin, and Miglitol Studies {#Sec6}
---------------------------------------------------------

The drug--drug interactions between luseogliflozin and glimepiride, metformin, sitagliptin, and miglitol were examined in randomized, open-label, single-dose, three-way crossover studies. In each of these studies, the subjects received three treatments: one dose of luseogliflozin (A); one dose of the test OAD (B); and one dose of luseogliflozin plus the test OAD (C). The order of treatments was randomized based on six treatment sequences (ABC, ACB, BCA, BAC, CAB, CBA) with a washout period of ≥7 days between treatments. Subjects were hospitalized from 2 days before administration of the study drug to 1 day after administration of the study drug in each treatment period. The doses of the study drugs were 5 mg luseogliflozin, 1 mg glimepiride, 250 mg metformin, 50 mg sitagliptin, and 50 mg miglitol. The dose of each drug was selected based on the approved dose range for use in Japan and considering the safety and pharmacokinetic profiles of each drug in healthy Japanese males. Luseogliflozin and the specified OAD were administered before breakfast in the glimepiride, sitagliptin, and miglitol studies, and under fasting conditions in the metformin study. During hospitalization, the subjects were prohibited from consuming food/drink other than the meals provided by the clinic. Pharmacokinetic data sampling was performed for 24 h after drug administration. Venous blood samples were obtained for pharmacokinetic analyses before study drug administration and at 0.25, 0.5, 1, 1.5, 2, 2.5 (glimepiride and metformin studies only), 3, 4, 6, 8, 12, and 24 h after study drug administration in each treatment period. Pooled urine samples were obtained for 24 h before study drug administration and from 0 to 24 h after study drug administration in each treatment period to measure 24-h cumulative UGE.

Pioglitazone and Voglibose Studies {#Sec7}
----------------------------------

The potential for drug--drug interactions between luseogliflozin and pioglitazone or voglibose was examined in open-label, add-on studies. The add-on design was chosen after considering the time needed to reach the trough concentration of the unchanged compound and all active metabolites for pioglitazone in steady-state conditions, and considering the time needed for voglibose to reach peak exposure in the gastrointestinal tract for steady-state effects. In the pioglitazone study, the subjects received 5 mg luseogliflozin on Day 1, 30 mg pioglitazone on Days 2--7, and 5 mg luseogliflozin plus 30 mg pioglitazone on Day 8. The dose of each drug was selected based on the dose commonly used in Japan. All drugs were administered before breakfast. Pharmacokinetic data were collected on Day 1 (corresponding to luseogliflozin monotherapy), Day 7 (pioglitazone monotherapy), and Day 8 (combination therapy). The same procedure was used in the voglibose study, except the subjects received 0.6 mg voglibose (0.2 mg before each meal) on Days 2--7, and pharmacokinetic data were not collected for voglibose. In both studies, the subjects were hospitalized from 2 days before the first dose of the study drugs (Day −2) to Day 9. Venous blood samples were obtained for pharmacokinetic analyses before study drug administration and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h after study drug administration in each study. Pooled urine samples were obtained for 24 h before study drug administration and from, 0 to 24 h after study drug administration on Days 1, 7 and 8 to measure 24-h cumulative UGE.

Pharmacokinetic Assessments {#Sec8}
---------------------------

Blood samples used to determine the concentrations of the study drugs were collected at predetermined times selected based on the characteristics of each drug. The pharmacokinetic endpoints were the plasma concentrations of luseogliflozin and the OAD when administered alone or in combination. The plasma concentrations of the active metabolites of pioglitazone, M-III and M-IV, were also measured. Because voglibose is not orally absorbed, the plasma concentration of voglibose was not measured. Blood samples were immediately processed to plasma by centrifugation and were stored at −70 °C until analysis.

The plasma concentration of luseogliflozin was analyzed using a validated high-performance liquid chromatography tandem mass spectrometry (LC--MS/MS) method, as previously described \[[@CR4]\]. The lower limit of quantification (LLOQ) and the upper limit of quantification (ULOQ) for the luseogliflozin plasma concentration were 0.05 and 100 ng/mL, respectively. The plasma concentrations of glimepiride, metformin, miglitol, and sitagliptin were determined by separate, validated LC--MS/MS methods with stable isotope-labeled internal standards (glimepiride-d5, metformin-d6, miglitol-d4, and sitagliptin-d4). The quantitative range (LLOQ to ULOQ) was 0.5--500 ng/mL for glimepiride, 5--2000 ng/mL for metformin, 5--3000 ng/mL for miglitol, and 1--500 ng/mL for sitagliptin. The plasma concentrations of pioglitazone and its active metabolites (M-III, keto derivatives of pioglitazone; and M-IV, hydroxy derivatives of pioglitazone) were simultaneously determined by validated LC--MS/MS methods with stable isotope-labeled internal standards (pioglitazone-d4, keto pioglitazone-d4, and hydroxy pioglitazone-d5). The quantitative range (LLOQ to ULOQ) was 10--2000 ng/mL for pioglitazone, M-III, and M-IV. All validation results met the predefined acceptance criteria. The analyses of luseogliflozin and the OADs were performed by JCL Bioassay Corp. (Nishiwaki, Japan).

We calculated the following pharmacokinetic parameters using the non-compartmental model: the maximum concentration (*C*~max~), the time to the maximum concentration (*t*~max~), and the area under the concentration--time curve from 0--24 h (AUC~0--24h~) or to infinity (AUC~inf~). The presence of drug--drug interactions was assessed based on the reference range for bioequivalence of 0.8--1.25 for geometric mean ratios (GMRs) with 90% confidence intervals (90% CIs) of the combination therapy relative to monotherapy, as recommended by the Japanese Pharmaceutical and Food Safety Bureau \[[@CR10]\].

Other Assessments {#Sec9}
-----------------

To assess the effects of luseogliflozin, test OADs, and each combination on UGE, urine samples were collected at predetermined times and the urine glucose concentrations were measured. Safety assessments were based on the nature and frequency of adverse events, including changes in laboratory values, vital signs, and 12-lead electrocardiography. Hypoglycemia was assessed by each investigator considering symptoms or blood glucose levels in each subject.

Statistical Analyses {#Sec10}
--------------------

Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA) for the miglitol study, and SAS version 9.1.3 for the other studies. In the three-way crossover studies, the statistical significance of differences in *C*~max~, AUC~0--24h~ and AUC~inf~ were tested by analysis of variance (ANOVA) in which treatment, sequence, and timing were included as fixed effects and subject was included as a random effect. ANOVA was also used in the add-on studies using treatment as a fixed effect and subject as a random effect. Adverse events were coded using MedDRA version 14.1 for the miglitol study, and MedDRA version 13.1 for the other studies.

Results {#Sec11}
=======

Subjects {#Sec12}
--------

Twelve healthy males were enrolled in each study and all subjects completed the studies. The mean age, body weight, and body mass index in each study ranged from 24.3 to 26.8 years, from 60.25 to 65.68 kg, and from 20.45 to 21.97 kg/m^2^, respectively (Table [1](#Tab1){ref-type="table"}).Table 1Subject characteristicsStudyGlimepiride (*n* = 12)Metformin (*n* = 12)Pioglitazone (*n* = 12)Sitagliptin (*n* = 12)Miglitol (*n* = 12)Voglibose (*n* = 12)Age (years)25.5 ± 4.724.6 ± 3.526.4 ± 5.426.8 ± 4.924.3 ± 2.725.3 ± 5.2Weight (kg)65.68 ± 6.7565.35 ± 6.9162.95 ± 6.6062.21 ± 5.9260.25 ± 7.0662.08 ± 4.33BMI (kg/m^2^)21.97 ± 1.7221.48 ± 1.8920.78 ± 1.5921.22 ± 1.9920.45 ± 1.5621.17 ± 2.12Values are presented as the means ± standard deviations*BMI* body mass index

Effects of Individual OADs on the Pharmacokinetics of Luseogliflozin {#Sec13}
--------------------------------------------------------------------

Figure [1](#Fig1){ref-type="fig"} shows the plasma concentration--time profiles of luseogliflozin administered alone or in combination with the individual OADs. Table [2](#Tab2){ref-type="table"} shows the pharmacokinetic parameters of luseogliflozin with the GMRs. As indicated in Fig. [1](#Fig1){ref-type="fig"}, the plasma concentration--time profiles of luseogliflozin were similar when administered alone or in combination with the tested OADs.Fig. 1Plasma concentration--time profiles for luseogliflozin administered alone or in combination with glimepiride (**a**), metformin (**b**), pioglitazone (**c**), sitagliptin (**d**), miglitol (**e**), or voglibose (**f**). Values are presented as the means ± standard deviationsTable 2Pharmacokinetic parameters of luseogliflozin administered alone or in combination with glimepiride, metformin, pioglitazone, sitagliptin, miglitol, or vogliboseStudyTreatment*C* ~max~ (ng/mL)AUC~0--24h~ (ng·h/mL)AUC~inf~ (ng·h/mL)Glimepiride (*n* = 12)Luseogliflozin209 ± 44.91570 ± 2251900 ± 320Luseogliflozin + glimepiride211 ± 49.81580 ± 1881900 ± 246GMR (90% CI)1.00 (0.898, 1.12)1.01 (0.987, 1.03)1.00 (0.977, 1.03)Metformin (*n* = 12)Luseogliflozin208 ± 50.31650 ± 2402010 ± 392Luseogliflozin + metformin190 ± 31.41640 ± 2441980 ± 372GMR (90% CI)0.925 (0.845, 1.01)0.995 (0.973, 1.02)0.985 (0.964, 1.01)Pioglitazone (*n* = 12)Luseogliflozin alone199 ± 36.41600 ± 1711870 ± 235Luseogliflozin + pioglitazone233 ± 52.11510 ± 1631760 ± 227GMR (90% CI)1.16 (1.04, 1.30)0.938 (0.901, 0.978)0.939 (0.897, 0.982)Sitagliptin (*n* = 12)Luseogliflozin alone197 ± 38.31430 ± 1811660 ± 249Luseogliflozin + sitagliptin190 ± 29.21420 ± 2071630 ± 246GMR (90% CI)0.967 (0.914, 1.02)0.992 (0.966, 1.02)0.986 (0.948, 1.03)Miglitol (*n* = 12)Luseogliflozin alone208 ± 48.81490 ± 2091820 ± 297Luseogliflozin + miglitol176 ± 35.31440 ± 1781730 ± 240GMR (90% CI)0.851 (0.761, 0.952)0.969 (0.948, 0.991)0.953 (0.931, 0.975)Voglibose (*n* = 12)Luseogliflozin alone197 ± 42.41530 ± 2501800 ± 374Luseogliflozin + voglibose214 ± 44.61570 ± 2601800 ± 344GMR (90% CI)1.09 (0.984, 1.21)1.02 (0.987, 1.06)0.999 (0.957, 1.04)Values are presented as the means ± standard deviations*C* ~*max*~ maximum plasma concentration, *AUC* ~*0*--*24h*~ area under the plasma concentration--time curve from 0 to 24 h, *AUC* ~*inf*~ area under the plasma concentration--time curve extrapolated to infinity, *GMR* geometric mean ratio, *CI* confidence interval

When administered in combination with miglitol, the GMR (90% CI) for the *C*~max~ of luseogliflozin was 0.851 (0.761, 0.952). Thus, the lower 90% CI was below the threshold for bioequivalence (0.80--1.25). By contrast, the GMRs and 90% CIs for AUC~0--24h~ (0.969 \[0.948, 0.991\] and AUC~inf~ (0.953 \[0.931, 0.975\]) were within the reference range. When administered in combination with pioglitazone, the GMR (90% CI) for the *C*~max~ of luseogliflozin was 1.16 (1.04, 1.30). Therefore, the upper 90% CI was above the threshold for bioequivalence. The corresponding values for AUC~0--24h~ (0.938 \[0.901, 0.978\]) and AUC~inf~ (0.939 \[0.897, 0.982\]) were within the reference range. When administered in combination with glimepiride, metformin, sitagliptin and voglibose, the GMRs and 90% CIs for *C*~max~, AUC~0--24h~, and AUC~inf~ of luseogliflozin were within the reference range.

Effects of Luseogliflozin on the Pharmacokinetics of Individual OADs {#Sec14}
--------------------------------------------------------------------

Figure [2](#Fig2){ref-type="fig"} shows the plasma concentration--time profiles of each OAD alone or in combination with luseogliflozin. Table [3](#Tab3){ref-type="table"} shows the pharmacokinetic parameters of each OAD with the corresponding GMRs. The plasma concentrations of pioglitazone were slightly lower when co-administered with luseogliflozin than when pioglitazone was administered alone. By contrast, the plasma concentration--time profiles of the other OADs were similar when they were administered alone or in combination with luseogliflozin. Regarding pharmacokinetic parameters, the GMRs (90% CI) for *C*~max~ and AUC~0--24h~ of pioglitazone were 0.884 (0.746, 1.05) and 0.896 (0.774, 1.04), respectively. Therefore, the lower 90% CIs for both parameters were below the reference range for bioequivalence. However, the GMRs and 90% CIs for the active metabolites of pioglitazone (M-III and M-IV) were within the reference range for bioequivalence. When glimepiride, metformin, sitagliptin, and miglitol were administered with luseogliflozin, the GMRs and 90% CIs for *C*~max~, AUC~0--24h~, and AUC~inf~ of each OAD were within the reference range for bioequivalence.Fig. 2Plasma concentration--time profiles for glimepiride (**a**), metformin (**b**), pioglitazone (**c**), sitagliptin (**d**), and miglitol (**e**) administered alone or in combination with luseogliflozin. Curves are not shown for voglibose because it is not orally absorbed and its plasma concentrations were not measured. Values are presented as the means ± standard deviationsTable 3Pharmacokinetic parameters of glimepiride, metformin, pioglitazone, sitagliptin, and miglitol administered alone or in combination with luseogliflozinStudy*C* ~max~ (ng/mL)AUC~0--24h~ (ng·h/mL)AUC~inf~ (ng·h/mL)Glimepiride (*n* = 12)Glimepiride90.9 ± 21.1352 ± 119363 ± 126Glimepiride + luseogliflozin93.8 ± 21.5376 ± 124388 ± 133GMR (90% CI)1.03 (0.949, 1.12)1.07 (1.04, 1.10)1.07 (1.04, 1.10)Metformin (*n* = 12)Metformin683 ± 1503990 ± 8844030 ± 898Metformin + luseogliflozin697 ± 2454150 ± 9434200 ± 951GMR (90% CI)0.999 (0.897, 1.11)1.04 (0.952, 1.14)1.04 (0.953, 1.14)Pioglitazone (*n* = 12) PioglitazonePioglitazone1080 ± 27710,400 ± 2440--Pioglitazone + luseogliflozin956 ± 2839260 ± 2260--GMR (90% CI)0.884 (0.746, 1.05)0.896 (0.774, 1.04)-- M-IIIPioglitazone527 ± 14011,000 ± 3000--Pioglitazone + luseogliflozin546 ± 14311,100 ± 2940--GMR (90% CI)1.04 (0.973, 1.11)1.01 (0.945, 1.07)-- M-IVPioglitazone949 ± 20319,700 ± 4000--Pioglitazone + luseogliflozin953 ± 19320,300 ± 4010--GMR (90% CI)1.01 (0.947, 1.07)1.03 (0.977, 1.09)-- Sitagliptin (*n* = 12)Sitagliptin166 ± 30.61160 ± 1311290 ± 145Sitagliptin + luseogliflozin162 ± 22.41200 ± 1221330 ± 146GMR (90% CI)0.983 (0.922, 1.05)1.03 (1.01, 1.05)1.03 (1.01, 1.05) Miglitol (*n* = 12)Miglitol1060 ± 3194080 ± 12604140 ± 1250Miglitol + luseogliflozin1080 ± 3114260 ± 13204330 ± 1330GMR (90% CI)1.02 (0.915, 1.14)1.04 (0.936, 1.16)1.04 (0.938, 1.16)Pharmacokinetic parameters were not assessed for voglibose because it is not orally absorbed and its plasma concentrations were not measuredValues are presented as the means ± standard deviations*C* ~*max*~ maximum plasma concentration, *AUC* ~*0*--*24h*~ area under the plasma concentration--time curve from 0 to 24 h, *AUC* ~*inf*~ area under the plasma concentration--time curve extrapolated to infinity, *GMR* geometric mean ratio, *CI* confidence interval, *M* metabolite

Urinary Glucose Excretion {#Sec15}
-------------------------

As expected in healthy subjects, UGE was negligible in the presence of OADs alone. Administration of luseogliflozin in combination with an OAD slightly reduced UGE compared with luseogliflozin alone (Table [4](#Tab4){ref-type="table"}).Table 4Urinary glucose excretion (g/day)StudyGlimepiride (*n* = 12)Metformin (*n* = 12)Pioglitazone (*n* = 12)Sitagliptin (*n* = 12)Miglitol (*n* = 12)Voglibose (*n* = 12)Luseogliflozin alone62.0 ± 7.159.1 ± 5.960.8 ± 8.755.4 ± 8.464.1 ± 8.255.1 ± 10.0OAD alone0.3 ± 0.50.4 ± 0.50.6 ± 0.20.6 ± 0.10.2 ± 0.50.7 ± 0.1Luseogliflozin + OAD58.5 ± 7.458.9 ± 12.457.4 ± 8.948.9 ± 8.361.4 ± 7.846.6 ± 8.1Values are presented as the means ± standard deviations*OAD* oral antidiabetic drug

Safety {#Sec16}
------

There were no serious adverse events or adverse events requiring treatment discontinuation in any of the studies reported here. One adverse event (white blood cell urine positive) occurred in one subject treated with luseogliflozin in combination with glimepiride, and three events occurred in two subjects (nausea in one subject, nausea and headache in one subject) treated with luseogliflozin in combination with metformin. All these events were classified as mild in severity. There were no adverse events when luseogliflozin was administered alone or in combination with the other OADs. There were no episodes of hypoglycemia in any of the studies. In the glimepiride study, a decrease in the plasma glucose concentration occurred after administration of glimepiride, although there was no apparent difference between subjects treated with or without luseogliflozin. There were no clinically relevant changes in laboratory tests, vital signs, or electrocardiography.

Discussion {#Sec17}
==========

The results of the six independent studies reported here revealed no clinically relevant drug--drug interactions between luseogliflozin and six OADs used in Japan for the treatment of T2DM. Although there was a small change in the *C*~max~ of luseogliflozin when co-administered with pioglitazone or miglitol, the changes in *C*~max~ were small (about 15%), were not accompanied by changes in the AUC~0--24h~ or AUC~inf~, and are unlikely to have a major influence on the pharmacokinetics of these drugs. Co-administration with luseogliflozin also resulted in a slight decrease in the *C*~max~ and AUC~0--24h~ for pioglitazone. However, the decreases were small (about 10%). The GMRs and 90% CIs for *C*~max~ and AUC~0--24h~ of its active metabolites, M-III and M-IV, which have slightly lower potency than pioglitazone \[[@CR11]\], were within the reference range, and are also unlikely to have a major influence on the pharmacokinetics of these drugs or metabolites. When administered with the other OADs, the *C*~max~, AUC~0--24h~, and AUC~inf~ of luseogliflozin and the OADs were within the reference range for bioequivalence.

Administration of luseogliflozin in combination with an OAD slightly reduced UGE compared with luseogliflozin alone. This might be expected considering the other OAD might elicit reductions in plasma glucose concentrations through increased uptake of glucose by the liver and other insulin-sensitive tissues or decreased absorption from the gastrointestinal tract in the case of voglibose.

The present results are consistent with those for other SGLT2 inhibitors, which also showed a lack of interactions with commonly used OADs \[[@CR12]--[@CR14]\]. This lack of interactions means SGLT2 inhibitors are well suited for use in combination with other commonly used OADs. Considering that SGLT2 inhibitors act in an insulin-independent manner, they can be used in combination with other drugs that target insulin secretion or insulin resistance. Although such combinations might increase the risk of hypoglycemia, the incidence of hypoglycemia is low in clinical trials, mostly because SGLT2 inhibitors normalize the renal glucose threshold, and UGE is reduced once the plasma glucose concentration reaches the renal glucose threshold \[[@CR15]\]. Therefore, in clinical settings, the use of SGLT2 inhibitors in combination with another OAD is unlikely to increase the risk of hypoglycemia over the risk associated with the other OAD itself.

The cytochrome P450 (CYP) isoforms 3A4/5, 4A11, 4F2, and 4F3B, and UDP-glucuronosyltransferase 1A1 are involved in the metabolism of luseogliflozin (Taisho Pharmaceutical Co., Ltd., data on file). Because luseogliflozin is metabolized by multiple enzymes, administration of other drugs is unlikely to inhibit the metabolism of luseogliflozin or alter its pharmacokinetics. According to in vitro studies that evaluated the potential for inhibiting various CYP enzymes and organic anion transport proteins (OATPs), weak inhibition of CYP2C19 and OATP1B3 with half maximal inhibitory concentrations (IC~50~) of between 50 and 100 μmol/L were observed, and the IC~50~ values for other CYPs (CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2D6, CYP2E1, and CYP3A4) and transporters (e.g., P-glycoprotein, breast cancer resistance protein, OATP1B1, OAT1, OAT3, and organic cation transporter 2) were consistently \>100 μmol/L (Taisho Pharmaceutical Co., Ltd., data on file). Because the *C*~max~ of 5 mg luseogliflozin in patients with T2DM was 0.69 μmol/L (299 ng/mL) (Taisho Pharmaceutical Co., Ltd., data on file), which is much lower than the concentration likely to inhibit CYP enzymes or transporters, luseogliflozin is unlikely to cause drug--drug interactions in relation to these enzymes and transporters. Furthermore, induction of CYP3A4 by luseogliflozin was observed at a concentration of 10 μmol/L in vitro. However, the 6β-hydroxycortisol/cortisol ratio, a marker for CYP3A4 induction \[[@CR16]\], did not increase after 7 days of multiple doses of up to 25 mg of luseogliflozin in patients with T2DM in a clinical study conducted in the United States of America (Taisho Pharmaceutical Co., Ltd., data on file). Therefore, luseogliflozin is unlikely to induce CYP3A4 in clinical use.

In the present series of studies, luseogliflozin was well tolerated when used in combination with the OADs. There were no episodes of hypoglycemia when used in healthy subjects with normal glucose concentrations, even when used in combination with other OADs. Although urinary tract and genital infections occur in a small proportion of patients treated with SGLT2 inhibitors in clinical trials \[[@CR7], [@CR17], [@CR18]\], this is unlikely to explain the presence of white blood cells in urine in one subject treated with single doses of luseogliflozin and glimepiride.

The absence of drug--drug interactions between luseogliflozin and the OADs in the present series of studies is consistent with the results of two long-term, Phase III studies \[[@CR19]\]. These long-term studies demonstrated that luseogliflozin significantly reduced hemoglobin A1c and fasting plasma glucose when used in combination with other classes of OADs (biguanide, sulfonylurea, dipeptidyl peptidase 4 inhibitor, thiazolidinedione, glinide, and α-glucosidase inhibitor) for 52 weeks. Additionally, luseogliflozin was associated with a low rate of adverse drug reactions (12.4--25.4%). Hypoglycemia was most common in patients treated with luseogliflozin in combination with a sulfonylurea (10.7% over 52 weeks) and its incidence was lower when luseogliflozin was used in combination with other classes of OADs (0.9--3.4%), consistent with the mechanisms of action of each class of OAD.

Some limitations of the present studies warrant mention. In particular, the designs of the studies mean it is not possible to provide a comprehensive assessment of the safety or long-term efficacy of these combinations in patients with T2DM. Indeed, we did not assess the effects of the combinations used here on pharmacodynamic parameters or glycemic control. However, these were not the objectives of the present study, and several recently reported studies have shed light on the long-term efficacy and safety of luseogliflozin in combination with other OADs \[[@CR19]\].

Conclusion {#Sec18}
==========

The results of this series of studies revealed no evidence of clinically significant drug--drug interactions between luseogliflozin and glimepiride, metformin, pioglitazone, sitagliptin, miglitol, or voglibose. These results suggest that luseogliflozin can be safely administered in combination with these OADs without a need for dose adjustments.
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Results of these studies were reported as a poster Sasaki T, Seino Y, Samukawa Y, et al. Drug--drug Interactions of Luseogliflozin (TS-071) with Other Oral Hypoglycemic Agents in Healthy Japanese Subjects. 9th IDF-WPR Congress & 4th AASD Scientific Meeting, Kyoto, Japan, November 24--27, 2012. Poster Session PCS-33-8.
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